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In the fall and winter of 1918–1919, an influenza pan-
emic of unprecedented virulence swept the globe leav-
ng 40 million or more dead in its wake. The virus re-
ponsible for this catastrophe was not isolated at the
ime, and it seemed that this very lethal infectious agent
as lost for study. However, it has recently become
ossible to study the genetic features of the 1918 “Span-
sh” influenza virus using frozen and fixed archival au-
opsy tissue. Gene sequences of the 1918 virus can be
sed to frame hypotheses about the origin of the 1918
irus and to look for clues to its virulence. The study of
he 1918 virus is not just one of historical curiosity. Since
nfluenza viruses continually evolve by mechanisms of
ntigenic shift and drift, new influenza strains, as emerg-
ng pathogens, continue to threaten human populations.
andemic influenza A viruses have emerged twice since
918, in 1957 and 1968. The risk of future influenza
andemics is high. An understanding of the genetic
akeup of the most virulent influenza strain in history
ay facilitate prediction and prevention of such future
andemics. Recent reviews dealing with more historical
spects of the 1918 pandemic are listed under Selected
eading.
he 1918 Influenza Pandemic
The influenza pandemic of 1918 was exceptional in
oth breadth and depth. The first wave of influenza in the
pring and summer of 1918 was highly contagious but
aused few deaths. In late August of 1918, a virulent form
f the disease emerged and spread throughout the globe
n 6 months. The main wave of the global pandemic
ccurred in September through November of 1918, killing
ore than 10,000 people per week in some U.S. cities.
1 To whom correspondence and reprint requests should be ad-
ressed at Armed Forces Institute of Pathology, Division of Molecular
athology, Department of Cellular Pathology, 14th Street and AlaskaT
r
venue, N.W., Washington, DC 20306-6000. Fax: 202-782-7623. E-mail:
aubenbe@afip.osd.mil.
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utbreaks of the disease not only swept North America
nd Europe but also spread as far as the Alaskan wil-
erness and the most remote islands of the Pacific.
lmost one-third of the U.S. population became ill. The
isease was also exceptionally severe, with mortality
ates among the infected over 2.5%, compared to less
han 0.1% in other influenza epidemics. Incredibly, some
solated populations had mortality rates above 70%.
In the 1918 pandemic most deaths occurred among
oung adults, a group that usually has a very low death
ate from influenza. Influenza and pneumonia death rates
or 15 to 34 year olds were more than 20 times higher in
918 than in previous years, with 99% of excess deaths
mong people under 65 years of age. It has been esti-
ated that the influenza epidemic of 1918 killed 675,000
mericans, including 43,000 servicemen mobilized for
orld War I. The impact was so profound as to depress
verage life expectancy in the United States by more
han 10 years and may have played a significant role in
nding World War I.
The majority of individuals who died during the pan-
emic succumbed to secondary bacterial pneumonia,
ince no antibiotics were available in 1918. However, a
subset died rapidly after the onset of symptoms often
with either massive acute pulmonary hemorrhage or
pulmonary edema. In the hundreds of autopsies per-
formed in 1918, the primary pathologic findings were
confined to the respiratory tree and death was due to
pneumonia and respiratory failure. These findings are
consistent with infection by a well-adapted influenza
virus capable of rapid replication throughout the entire
respiratory tree.
Origin of Pandemic Influenza Viruses
Analyses of antibody titers of 1918 flu survivors from
he late 1930s suggest that the 1918 strain was an H1N1-
ubtype influenza A virus, probably closely related to
hat is now known as “classic swine” influenza virus.
he relationship to swine influenza is also reflected in
eports during 1918 of simultaneous influenza outbreaks
0042-6822/00 $35.00
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IREVIEin humans and pigs around the world. While historical
accounts suggest that the flu spread from humans to
pigs in the fall of 1918, the relationship of these two
species in the development of the 1918 flu has not been
resolved.
The natural reservoir of influenza viruses is believed
to be wild waterfowl. Periodically, genetic material
from avian strains is transferred to strains infectious to
humans by a process called reassortment, or anti-
genic shift. Human influenza strains with recently ac-
quired avian surface proteins were responsible for the
pandemic influenza outbreaks in 1957 and 1968. Since
pigs can be infected with both avian and human
strains, and various reassortants have been isolated
from pigs, they have been proposed as an intermedi-
ary in this process. Until recently there was no evi-
dence that a wholly avian influenza virus could directly
infect humans, but in 1997 eighteen people were in-
fected with avian H5N1 influenza viruses in Hong Kong
and 6 died of complications after infection. Although
these viruses were very poorly transmissible, their
detection indicates that humans can be infected with
wholly avian influenza strains. Therefore, it may not be
necessary to invoke swine as the intermediary in the
formation of a pandemic strain since reassortment
could take place directly in humans.
While reassortment appears to be a critical event for
the production of a pandemic virus, a significant amount
of data exists to suggest that influenza viruses must
acquire specific adaptations to spread and replicate ef-
ficiently in a new host. Among other features, there must
be functional receptor binding and interaction between
viral and host proteins. Defining the minimal adaptive
changes needed to allow a reassortant virus to function
in humans is essential to understanding how pandemic
viruses emerge.
Once a new strain has acquired the changes that
allow it to spread in humans, virulence is probably due in
large part to the presence of novel surface protein(s)
which allow the virus to spread rapidly through an im-
munologically naive population. This was the case in
1957 and 1968 and was almost certainly the case in 1918.
hile immunological novelty may explain much of the
irulence of the 1918 influenza, it is likely that additional
enetic features contributed to its exceptional lethality.
nfortunately little is known about how genetic features
f influenza viruses affect virulence. Virulence of a par-
icular influenza strain is complex and involves a number
f features including host adaptation, transmissibility,
issue tropism, and viral replication efficiency. The ge-
etic basis for each of these features is not yet fully
haracterized, but is most likely polygenic in nature.
242 MINequence analysis of the 1918 influenza virus allows us
o address the genetic basis of virulence.Molecular Characterization of the 1918 Viral Surface
Proteins
Frozen and fixed lung tissue from three 1918 influenza
ictims has been used to examine directly the genetic
tructure of the 1918 influenza virus. Two of the cases
nalyzed were U.S. Army soldiers who died in September
918, one in New York and the other in South Carolina. A
hird sample was obtained from an Alaskan Inuit woman
ho had been interred in permafrost since November
918. Amplification and sequencing of small overlapping
NA fragments extracted from these tissues allowed
omplete viral gene sequences to be determined for the
wo surface protein-encoding genes, hemagglutinin (HA)
nd neuraminidase (NA). These sequences confirm that
he 1918 strain was an H1N1-subtype influenza A virus.
lthough these cases were widely separated geograph-
cally, there is very little heterogeneity among them at the
equence level suggesting that the virus was optimally
dapted to infect a majority of the human population in
918. Sequencing the complete coding sequences of the
ix remaining gene segments is in progress.
The sequence of the 1918 HA is most closely related to
the oldest available “classical” swine flu strain, A/Sw/
Iowa/30. However, despite this similarity the sequence
has many avian features. Of the 41 amino acids that have
been shown to be targets of the immune system and
subject to antigenic drift pressure in humans, 37 match
the avian sequence consensus, suggesting that there
was little immunologic pressure on the HA protein before
the fall of 1918. Another mechanism by which influenza
viruses evade the human immune system is the acqui-
sition of glycosylation sites to mask antigenic epitopes.
Modern human H1N1s have up to five glycosylation sites
in addition to the four found in all avian strains. The 1918
virus has only the four conserved avian sites.
Influenza virus infection requires binding of the HA
protein to sialic acid receptors on the host cell surface.
The HA receptor binding site consists of a subset of
amino acids that are invariant in all avian HAs but vary in
mammalian-adapted HAs. To shift from the avian recep-
tor binding site to that of swine H1s requires only one
amino acid change, E190D. All three 1918 cases have the
E190D change. In fact, the receptor binding site of one of
the 1918 cases (A/New York/1/18) is identical to that of
A/Sw/Iowa/30. The other two 1918 cases have an addi-
tional change from the avian consensus, G225D. Since
swine viruses with the same receptor site as Sw/Iowa/30
bind both avian- and mammalian-type receptors, A/New
York/1/18 probably also had the capacity to bind both.
The change at residue 190 may represent the minimal
change necessary to allow an avian H1-subtype HA to
bind mammalian-type receptors, a critical step in host
adaptation.
WThe principal biological role of NA is the cleavage of
the terminal sialic acid residues that are receptors for the
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of 15 invariant amino acids that are conserved in the 1918
NA. The functional NA protein is configured as a ho-
motetramer in which the active sites are found on a
terminal knob carried on a thin stalk. Some early human
strains have short (11–16 amino acids) deletions in the
stalk region, as do many strains isolated from chickens.
The 1918 NA has a full-length stalk and has only the
lycosylation sites shared by avian N1 strains.
Although the antigenic sites on human-adapted N1
euraminidases have not been mapped, it is possible to
lign the N1 sequences with N2-subtype NAs and exam-
ne the N2 antigenic sites for evidence of drift in N1.
here are 22 amino acids on the N2 protein that may
unction in antigenic epitopes. The 1918 NA matches the
vian consensus at 21 of these sites.
Neither the 1918 HA nor NA genes have obvious ge-
etic features that can be related directly to virulence.
wo known mutations that can dramatically affect the
irulence of influenza strains have been described. For
iral activation HA must be cleaved into two pieces, HA1
and HA2, by a host protease. Some avian H5 and H7
subtype viruses acquire a mutation which involves the
addition of one or more basic amino acids to the cleav-
age site, allowing HA activation by ubiquitous proteases.
Infection with such a pantropic strain causes systemic
disease in birds with near uniform mortality. This muta-
tion was not observed in the 1918 virus.
The second mutation with a significant effect on viru-
lence through pantropism has been identified in the NA
gene of two mouse-adapted influenza strains, A/WSN/33
and A/NWS/33. Mutations at a single codon (N146R or
N146Y, leading to the loss of a glycosylation site) appear,
like the HA cleavage site mutation, to allow the virus to
replicate in many tissues outside the respiratory tract.
This mutation was also not observed in the 1918 virus.
Therefore, neither surface protein-encoding gene has
known mutations that would allow the virus to become
pantropic. Since clinical and pathological findings in
1918 showed no evidence of replication outside the re-
spiratory system, mutations allowing the 1918 virus to
replicate systemically would not be expected. However,
the relationship of other structural features of these pro-
teins (aside from their presumed antigenic novelty) to
virulence remains unknown. In their overall structural
and functional characteristics, the 1918 HA and NA are
avian-like but they also have mammalian-adapted char-
acteristics.
While evidence suggests that the 1918 HA and NA
gene segments were new to humans, the source of the
1918 influenza surface proteins and how they became
part of a human-adapted influenza virus remain unclear.
The absence of information about pre-1918 human influ-
enza strains, the lack of influenza strains from birds and
MINpigs around 1918, the gap between the 1918 strain and
human and swine strains from the 1930s, and the lack ofpre-1918 human serum samples all conspire to make
solution of the question on 1918 influenza’s origin ex-
ceedingly difficult. However, despite these problems, se-
quence data from the 1918 influenza virus itself are finally
providing a basis for answering these questions.
Phylogenetic Analyses
Since virulence cannot yet be adequately explained by
sequence analysis of the 1918 HA and NA genes, what
can these sequences tell us about the origin of the 1918
virus? The best approach for analyzing the relationships
among influenza viruses is phylogenetics, whereby hy-
pothetical family trees are constructed which take avail-
able sequence data and use them to make assumptions
about the ancestral relationships between current and
historical flu strains. Since influenza genes are encoded
by eight discreet RNA segments that can move indepen-
dently between strains by the process of reassortment,
these evolutionary studies must be performed indepen-
dently for each gene segment.
A comparison of the complete 1918 HA and NA genes
with those of numerous human, swine, and avian se-
quences demonstrates the following. Phylogenetic anal-
yses based upon HA nucleotide changes (total, synony-
mous, or nonsynonymous) or HA amino acid changes
always place the 1918 HA with the mammalian viruses,
not with the avian viruses (Fig. 1). Phylogenetic analyses
of total or synonymous NA nucleotide changes place the
1918 NA sequence with the mammalian viruses, but
analyses of nonsynonymous changes or amino acid
changes place 1918 NA with the avian viruses. Most
analyses place HA and NA near the root of the mamma-
lian clad, suggesting that both genes emerged from an
avian reservoir just prior to 1918. Clearly, by 1918 the
virus had acquired enough mammalian-adaptive
changes to function as a human pandemic virus.
Identifying the minimal changes necessary to allow a
virus with avian surface proteins to replicate and be
transmitted efficiently in mammalian hosts is extremely
important for our understanding of the emergence of
pandemic influenza viruses. Besides placing viral se-
quences in their evolutionary context, phylogenetic anal-
yses can be used to identify features of viral proteins
involved in host adaptation. For example, when the 1918
HA is compared with strains derived from the indepen-
dent introduction of an avian H1N1 into European swine
in the late 1970s, the E190D change is found in both. In
NA, five amino acids were found to change in both. Two
of these positions have replacements that are either
chemically similar or identical, suggesting that these two
sites (residues 285 and 344) may be particularly impor-
tant in host adaptation of NA.
In mammalian-adapted influenza proteins, the accu-
243Wmulation of amino acid changes from a hypothetical
ancestral sequence occurs in a linear fashion, with the
e tree w
ow and
s
2slope representing the number of amino acid changes
per year. Such a regression analysis is shown for human
and swine H1 and N1 proteins using available strains
from 1930 to the present and excluding the 1918 se-
quence (Fig. 2). When the 1918 HA and NA data points
FIG. 1. Phylogenetic analysis of influenza A hemagglutinin genes. Th
are shown for selected nodes. 1918 sequences are identified by the arr
FIG. 2. Change in hemagglutinin (HA) and neuraminidase (NA) protei
was plotted versus the date of viral isolation for viruses isolated from
44 MINcircles, swine HA; open diamonds, swine NA. Regression lines were drawn,
quare, 1918 HA; closed circle, 1918 NA) were added to the graph (arrow).are then placed on the graph, they are located close to
the hypothetical common ancestor of human and swine
H1N1 strains. The x-intercept of the lines suggests that
the surface protein-encoding genes of the virus may
have entered mammals just prior to the 1918 pandemic.
as produced using the neighbor-joining method and bootstrap values
a distance bar (proportion of differences) is presented below the tree.
time. The number of amino acid changes from a hypothetical ancestor
1993. Open circles, human HA; closed diamonds, human NA; closed
WIREVIEns over
1930 toextrapolated to the x-intercept, and then the 1918 data points (closed
IREVIETogether, the phylogenetic analyses support the conclu-
sion that the sequences derived from the 1918 cases are
very similar to those of the hypothetical common ances-
tor of both human and swine H1N1 strains.
Fragmentary sequences of all the remaining gene
segments of the 1918 virus have already been deci-
phered and full-length segment sequences will be com-
pleted for several more 1918 influenza genes in the near
future. Such sequences will allow the complete phyloge-
netic analyses of each segment and will help elucidate
the origin of the 1918 virus. Whether any particular ge-
netic features of the virus can be related directly to its
exceptional virulence is yet unclear. Even as the genetic
structure of the “Spanish” flu virus is becoming fully
known, other questions, like the role played by differ-
ences in immunity in different age groups in 1918, may
prove important. It is hoped that knowledge gained by
studying this exceptionally lethal human pathogen can
be applied to prevent, or at least predict, the emergence
of new influenza viruses with pandemic potential.
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